Addition of a 5 cap to RNA polymerase II transcripts, the first step of pre-mRNA processing in eukaryotes from yeasts to mammals, is catalyzed by the sequential action of RNA triphosphatase, guanylyltransferase, and (guanine-N-7)methyltransferase. The effects of knockdown of these capping enzymes in mammalian cells were investigated using T7 RNA polymerase-synthesized small interfering RNA and also a lentivirus-based inducible, short hairpin RNA system. Decreasing either guanylyltransferase or methyltransferase resulted in caspase-3 activation and elevated terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) staining characteristic of apoptosis. Induction of apoptosis was independent of p53 tumor suppressor but dependent on BAK or BAX. In addition, levels of the BH3 family member Bim increased, while Mcl-1 and Bik levels remained unchanged during apoptosis. In contrast to capping enzyme knockdown, apoptosis induced by cycloheximide inhibition of protein synthesis required BAK but not BAX. Both Bim and Mcl-1 levels decreased in cycloheximide-induced apoptosis while Bik levels were unchanged, suggesting that apoptosis in siRNA-treated cells is not a direct consequence of loss of mRNA translation. siRNA-treated BAK ؊/؊ BAX ؊/؊ double-knockout mouse embryonic fibroblasts failed to activate capase-3 or increase TUNEL staining but instead exhibited autophagy, as demonstrated by proteolytic processing of microtubule-associated protein 1 light chain 3 (LC3) and translocation of transfected green fluorescent protein-LC3 from the nucleus to punctate cytoplasmic structures.
A defining feature of eukaryotic gene expression is the addition of an m7GpppN cap to nascent pre-mRNAs shortly after initiation of synthesis (31) . This 5Ј-terminal modification is catalyzed by the sequential action of RNA 5Ј triphosphatase (RT), guanylyltransferase (GT), and (guanine-N-7)methyltransferase (MT) (8, 32) . In mammalian and yeast cells, these enzymes bind to the phosphorylated C-terminal domain of the largest subunit of RNA polymerase II (Pol II), resulting in selective capping of Pol II transcripts. The cap enhances splicing, is retained on mature mRNAs, and is recognized by nuclear cap-binding complex for transport to the cytoplasm (9) . Initiation of protein synthesis by ribosome binding near the capped end of mRNA is promoted by the cytoplasmic capbinding initiation factor, eIF4F (7, 36) . In addition to its roles in transcription, processing, transport, and translation, the cap stabilizes mRNA and is important for maintaining regulated cell growth and division.
Consistent with the multiple effects of the cap, mRNA capping is evolutionarily and functionally conserved. Yeast mutants defective for capping fail to grow but can be complemented by the corresponding mammalian enzymes, despite differences in gene organization, nucleotide sequence, and the catalytic mechanisms of RT (28, 39, 46) . In Saccharomyces cerevisiae, the three steps in capping are catalyzed by separate proteins, while in metazoans, the RT and GT activities reside in N-and C-terminal domains, respectively, of a bifunctional capping enzyme (CE). RNA interference (RNAi) knockdown of CE in Caenorhabditis elegans was demonstrated previously to be embryo lethal (37) , and deletion of the RT Cet1 or GT Ceg1 gene in S. cerevisiae also resulted in loss of viability (39) . We analyzed human and mouse cells for effects of small interfering RNA (siRNA)-mediated knockdown of CE and MT in both transiently and stably transfected cell lines. Apoptosis, as detected by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay and caspase-3 activation, was induced in most of the lines studied, including p53-null H1299 human lung cancer cells and mouse embryonic fibroblasts (MEFs) missing either BAK or BAX. However, autophagy rather than apoptosis was induced in siRNAtreated MEFs that were null for both BAK and BAX.
MATERIALS AND METHODS
Constructs. pEGFP-N3/hCE and pEGFP-N3/hMT were constructed by inserting human CE (hCE) and hMT coding sequences between XhoI and KpnI sites in pEGFP-N3 (Clontech, Mountain View, CA) to allow expression of green fluorescent protein (GFP) fused at the C terminus of hCE and hMT.
Cre was constructed into pEGFP-N3 between BglII and NotI sites, replacing the eGFP expression cassette. Catalytically inactive Cre mutants pEGFP-N3/Cre (Y324F) and pEGFP-N3/Cre (R173K) were made with the QuikChange sitedirected mutagenesis kit (Stratagene, La Jolla, CA).
pEGFP-C1/LC3 was made by N. Mizushima and kindly provided by S. Jin. In vitro screening of CE and MT siRNAs. Sequences in the coding regions of hCE, hMT, and mouse CE (mCE) were synthesized in vitro by fusing a T7 promoter sequence at their 5Ј ends. The sequences selected consisted of 21 nucleotides, started with G or GG to facilitate T7 RNA polymerase transcription, and showed no complementarity to any other genes in a BLAST search. Each siRNA is designated as CE or MT followed by the number corresponding to the nucleotide position in the coding region of CE or MT mRNA.
T7-synthesized RNAs were produced by using a T7-MEGAshortscript highyield transcription kit (Ambion, Austin, TX). Antisense and sense transcripts were mixed, heated in buffer 2 (New England Biolabs, Ipswich, MA) at 95°C for 5 min, and slowly cooled to room temperature to allow RNA duplex formation.
RESULTS
Knockdown of CE or MT by siRNA. Twenty siRNAs synthesized by T7 RNA polymerase were individually transfected into HeLa or 293T cells together with pEGFP-N3/hCE or pEGFP-N3/mCE. Cells were monitored by measuring the decrease in levels of CE-GFP or MT-GFP. siRNA hCE332 strongly inhibited hCE-GFP expression ( Fig. 1c versus a) , and hCE614 and hCE1427 had a similar inhibitory effect (data not shown). Specificity was demonstrated using a 2-nucleotide (nt)-mismatch siRNA, hCE332m2 (Fig. 1b) , and an ineffective siRNA, hCE120 (Fig. 1d) ; they showed little or almost no inhibitory effect on CE-GFP expression compared to the plasmid transfection control (Fig. 1a) . The results were confirmed using mCE1558, which, like mCE332 and mCE754 (data not shown), strongly inhibited mCE-GFP expression (Fig. 1f) . A negativecontrol 3-nt-mismatch siRNA, mCE1558m3, confirmed the specificity of the RNAi effect (Fig. 1e) . In a similar screen, siRNAs hMT317 and hMT1085 effectively knocked down hMT ( Fig. 1i and j) , compared to cells transfected with the mismatch siRNA hMT317m2 (Fig. 1h) or pEGFP-N3/hMT only (Fig. 1g) .
The RNAi effect was confirmed by quantitative PCR and Western blotting. CE and MT mRNA levels decreased 68% and 84% 2 days after siRNA transfection compared to 18S rRNA. At the protein level, CE in hCE332-transfected cells analyzed 1 to 4 days posttransfection decreased ca. 60% within 1 day (Fig. 2A , lanes 3 to 6) compared to untransfected cells (lane 1) and cells transfected with mismatch siRNA (lane 2). Since CE is highly conserved among mammalian species (e.g., hCE and mCE are 95% identical in amino acid sequence [46] ), anti-hCE antibodies are difficult to elicit in rabbits, and the antibodies obtained are not very effective at detecting low levels of endogenous CE.
The level of endogenous MT was similarly decreased by transfection of MT siRNA (Fig. 2B , lanes 3 to 6) compared to untransfected cells (lane 1) or cells treated with mismatch siRNA (lane 2), demonstrating effective MT knockdown.
Levels of exogenously expressed hCE-GFP and MT-GFP were also found to decrease, as assayed by cotransfection of the expression vectors and corresponding siRNAs followed by blotting with antibodies against hCE, MT, or GFP (data not shown). The results are in agreement with the results shown in Although not shown in all figures, an equal amount of total protein in each lysate was loaded, and equal levels of actin were detected by blotting ( Fig. 2 ; also Fig. 7 and data not shown). Induction of apoptosis by siRNA treatment of mammalian cells. To test if knockdown of CE or MT affects viability, HeLa cells were transfected with hCE332, hCE614, hMT317, or hMT1085. Cell viability was markedly decreased based on MTT (methylthiazolyldiphenyl-tetrazolium bromide) staining (22) (data not shown), and there was a significant increase in TUNEL-positive cells (Fig. 3c, d, g, and h ). In contrast, cultures that were treated with the mismatch siRNA hCE332m2 or hMT317m2 ( Fig. 3b and f) or mock transfected (Fig. 3e) contained few apoptotic cells, like untreated cultures (Fig. 3a) . These results indicate that the induction of apoptosis by siRNA treatment is highly specific.
Activated caspase-3, one of the key executioners of apoptosis, is responsible for the cleavage of many important proteins in the death pathway (2, 6) . Caspase-3 is activated by cleavage at Asp175, giving rise to the p19/p12 complex and finally the active p17/p12 products through slow autocatalysis or digestion by aspartate-specific cysteine protease-X (5). Caspase-3 activation was demonstrated by Western blot analysis at different times posttransfection. The active p17 form of caspase-3 was induced by hCE siRNA (Fig. 3i , lanes 7 and 8) and hMT siRNA (lanes 9 and 10) but not by the corresponding mismatch RNAs (lanes 3 and 4 and lanes 5 and 6). siRNA-induced cleavage of caspase-3 was similar to that obtained with staurosporine (STS), a potent protein kinase C inhibitor (lane 1).
Activation of apoptosis by CE knockdown is p53 independent. The tumor suppressor p53 mediates cellular responses to various kinds of stress, dependent on or independent of transcription activation (19, 21, 30) . To assess if p53 is also involved in apoptosis induced by the loss of mRNA capping activity, the p53-null human non-small-cell lung cancer cell line H1299 (ATCC CRL-5803) was transfected with CE or MT siRNA. Induction of apoptosis detected by TUNEL assay was similar to that observed in HeLa cells (data not shown). Analysis of caspase-3 by Western blotting showed that, as in STS-treated cells ( Fig. 4a and b, lane 1), downregulation of either CE (Fig.  4a) or MT ( Fig. 4b ) resulted in formation of the caspase-3 activation products p19 and p17, characteristic of apoptosis (lanes 6 to 8), while mismatch RNAs had no effect (lanes 3 to 5). The results indicate that the induction of apoptosis by CE or MT depletion is p53 independent.
Apoptosis induction is dependent on both BAK and BAX. Apoptosis can be induced through the intrinsic and extrinsic major pathways. In the extrinsic pathway, binding of an extracellular ligand to a cell surface receptor (e.g., FasL/Fas) trig- VOL. 28, 2008 siRNA KNOCKDOWN OF mRNA CAPPING ENZYMES INDUCES CELL DEATH 5831 gers recruitment of cytosolic adaptor proteins (e.g., FADD) and activates downstream caspases (13) . In the intrinsic pathway, release of cytochrome c from mitochondria is the key triggering event. Efflux of cytochrome c is tightly regulated by pro-and antiapoptotic factors, notably, Bcl-2 family proteins. Among the Bcl-2 family members, activation of BAX and BAK promotes cytochrome c release, while Bcl-2 and Bcl-X L inhibit this process (29) . Release of cytochrome c from mitochondria into the cytosol initiates a cascade of caspase activations leading to rapid and irreversible cell death.
To test for activation of the intrinsic pathway, we compared the mCE RNAi effect in wild-type (WT) MEFs with that in BAK Ϫ/Ϫ , BAX Ϫ/Ϫ , or BAK Ϫ/Ϫ BAX Ϫ/Ϫ double-knockout (DKO) MEFs. Cells were transfected with mCE siRNA and checked for the induction of apoptosis by TUNEL staining 24 h later. Simian virus 40 (SV40)-immortalized and spontaneously immortalized WT MEFs both showed a striking increase in TUNEL staining when CE was knocked down by mCE1558 transfection (Fig. 5b and e) , while cells treated with the mismatch RNA mCE1558m3 remained at background levels ( Fig. 5a and d) . The SV40-immortalized cultures contained more TUNEL-stained cells than spontaneously immortalized MEFs, a result also seen for caspase-3 activation (Fig. 5c and  f) . In BAK Ϫ/Ϫ and BAX Ϫ/Ϫ MEFs, immortalized spontaneously and by SV40 transformation, respectively, mCE1558 treatment also resulted in significant TUNEL staining, with comparatively more in BAX Ϫ/Ϫ cells ( Fig. 5k versus h ). The higher level of TUNEL staining in BAX Ϫ/Ϫ cells versus greater caspase-3 activation in BAK Ϫ/Ϫ cells suggests that SV40 immortalization did not have an important effect on apoptosis. DKO MEFs had the same background level of TUNEL staining as with mismatch siRNA treatment ( Fig. 5n and m) , indicating that induction of apoptosis by downregulation of mCE requires either BAK or, more effectively, BAX (Fig. 5i  versus l) .
MEFs transfected with mCE1558 siRNA were also analyzed for caspase-3 activation by Western blotting after 24, 48, and 72 h. Knockdown of mCE by siRNA transfection of SV40-immortalized WT MEFs resulted in increasing levels of activated caspase-3 (Fig. 5c, lanes 6 to 8 ), compared to a higher level after 1 day of STS treatment (Fig. 5c, lanes 1 and 2) . Mismatch siRNA-treated cells showed no caspase-3 cleavage (Fig. 5c, lanes 3 to 5) , indicating that the siRNA-induced apoptosis was authentic and specific. To rule out a possible impact of SV40, which was used to establish the cell line, we also tested a spontaneously immortalized WT MEF cell line. The results showed increasing accumulation of activated caspase-3 during the first two days and a decrease on the third day posttransfection, presumably due to the loss of dead cells (Fig.  5f, lanes 6 to 8) . Mismatch RNA treated cells again showed no detectable level of activated caspase-3 (Fig. 5f, lanes 3 to 5) . The extent of apoptosis in the spontaneously immortalized MEFs was generally less than in SV40-immortalized MEFs, like STS-induced apoptosis ( Fig. 5f versus c, lanes 1 and 2) .
When CE was knocked down in either BAK Ϫ/Ϫ or BAX
MEFs, a low level of activated caspase-3 was detected ( Fig. 5i and l, lanes 6 to 8), while mismatch siRNA treatment showed no activation ( Fig. 5i and l, lanes 3 to 5) . Apoptosis in MEFs bearing a single deletion, notably BAX null cells, was weaker than that in WT cells, consistent with the response to STS (Fig.  5i and l, lanes 1 and 2) . Thus, deletion of either BAK or BAX severely decreased but did not completely eliminate the capacity of the mutant MEFs to undergo apoptosis in response to mCE siRNA. However, in DKO cells treated with mCE siRNA or STS, apoptosis measured by caspase-3 activation was not detectable even in somewhat overexposed blots (Fig. 5o , lanes 1 and 2 and lanes 6 to 8), as also observed with mismatch siRNA transfection (Fig. 5o, lanes 3 to 5) . Activation of apoptosis is likely mediated through Bim and not Mcl-1, Bik, or general protein synthesis shutdown. To determine if apoptosis induced by the loss of mRNA capping is the direct consequence of global protein synthesis shutdown, MEFs were treated with 10 g/ml of cycloheximide (CHX) to block protein synthesis and then checked for caspase-3 activation. In WT and BAX Ϫ/Ϫ MEFs, CHX treatment induced caspase-3 activation within 4 h (Fig. 6a, b, and d) , while BAK Ϫ/Ϫ and DKO MEFs showed no caspase-3 cleavage even after 24 h (Fig. 6c and e) . These results indicate that apoptosis induced by a block in protein synthesis is specifically BAK dependent (34) , in contrast to death induced by depletion of CE, which is dependent on either BAX or BAK. Thus, apoptosis induced by siRNA knockdown of CE involves a signaling pathway(s) in addition to those activated by loss of protein synthesis.
MEF WT cells were used to assess the involvement of BH3 family members in the induction of apoptosis. Among these family members, NOXA and PUMA have been shown to be dependent on p53 transactivation (23, 26) , in contrast to the p53-independent apoptosis induction in this study, making NOXA and PUMA unlikely as participants in CE knockdowninduced apoptosis. Bid is also unlikely to be involved, since it is thought to be activated through death receptors that reside on the cell surface (16). Other BH3 family members, i.e., Mcl-1, Bik, and Bim, were assayed in parallel with caspase-3 activation in MEF WT cells transfected with mCE1558 siRNA or its mismatch or treated with CHX. Transfection resulted in the activation of caspase-3 (Fig. 7a, lanes 6 to 8) , as also seen in response to STS treatment (Fig. 7a, lane 2) and CHX treatment (Fig. 7a, lanes 9 to  11) but not by mismatch siRNA transfection (Fig. 7a, lanes 3 to  5) . Bim was found to increase with both match and mismatch siRNA treatment, but the increase was considerately greater with match siRNA (Fig. 7b, lanes 6 to 8 versus 3 to 5) , while the levels of Mcl-1 and Bik did not change during the 72 h study ( Fig. 7c and d, lanes 6 to 8) . However, Bim and Mcl-1 were found to decrease sharply, Bim within 4 h, when translation was blocked by CHX ( Fig. 7b and c, lanes 9 to 11) , while Bik remained relatively unaffected (Fig. 7d, lanes 9 to 11) . These results confirmed that apoptosis induced by siRNA knockdown of CE adopts a different signaling pathway(s) than those activated by loss of protein synthesis.
Induction of autophagy in DKO cells. DKO MEFs failed to undergo apoptosis when CE was knocked down by RNAi, and we hypothesized that these cells may respond by activating an alternative death pathway(s), as cultures treated with mCE1558 siRNA showed significantly lower growth rates, as assayed by MTT staining 4 days after transfection, compared to normal, mock-transfected, or mismatch siRNA-transfected cells (see Fig. S1 in the supplemental material). Autophagy is an evolutionarily conserved, stress-induced alternative pathway that occurs by degradation of cytosolic proteins and organelles within the autophagosome, a double membrane vesicle formed during autophagy (14) . Cell survival for a limited time is facilitated by autophagy during nutrient or growth factor depletion. A commonly used marker for detecting autophagy is microtubule-associated protein 1 light chain 3 (LC3), a homolog of the yeast Apg8p protein associated with autophagosome membranes and essential for autophagy in yeast (14) . LC3 is posttranslationally modified by removal of its C terminus to produce LC3-I, with phosphatidylethanolamine lipidation giving rise to LC3-II (14, 15) . LC3-I (ϳ18 kDa) is cytosolic, while LC3-II (ϳ16 kDa) is membrane bound and enriched in autophagosomes (1, 14, 20) .
Growing cultures of DKO MEFs at low density contained no detectable levels of LC3-II (Fig. 8a, lane 1) , while in cells placed under conditions of ischemia (25) , which served as a positive control, there was almost complete conversion of LC3-I to LC3-II after 1 day (lanes 2 to 3). Cells that were treated with CE siRNA also converted most of the LC3-I to LC3-II by 24 h posttransfection (Fig. 8a, lanes 6 to 7) . By contrast, mismatch siRNA-treated cells had little LC3 conversion on day 1 (Fig. 8a, lane 4) but an increase on day 2 (lane 5), possibly due to overgrowth of the culture, as reported previously for the MEF line NIH 3T3 (44) . DKO cells treated with 10 g/ml of CHX for 3 days had a decrease in LC3-I and LC3-II but no conversion, suggesting that induction of autophagy by CE siRNA is not due to protein synthesis inhibition (see Fig. S2 in the supplemental material) . Interestingly, DKO cells treated with CHX for 4 days stopped growing (see Fig. S1 in the supplemental material) and died gradually during a 2-week treatment; however, the cells that remained rapidly resumed growth once CHX was removed (data not shown).
GFP-LC3 in transfected cells translocates from the nucleus to the cytoplasm during autophagy and accumulates in punctate structures (17, 18) , a response we used to detect autophagy in siRNA-treated cells. DKO MEFs were first transfected with pEGFP-C1/LC3, allowed to recover overnight, and then transfected with CE siRNAs or subjected to ischemia treatment. GFP-LC3 in growing MEFs was uniformly distributed (Fig.  8b) . Cells expressing GFP-LC3 and placed under conditions of VOL. 28, 2008 siRNA KNOCKDOWN OF mRNA CAPPING ENZYMES INDUCES CELL DEATH 5833 ischemia for 24 h showed typical nuclear exclusion and cytoplasmic aggregates (Fig. 8c) . The same pattern of GFP-LC3 nuclear exclusion and aggregation in the cytosol occurred in CE siRNA-treated cells (Fig. 8e) but not in cells treated with mismatch siRNA (Fig. 8d) . These results confirmed that CE and MT are of critical importance in maintaining cell growth. Their depletion resulted in loss of viability, either by apoptosis in WT, BAK Ϫ/Ϫ , and BAX Ϫ/Ϫ MEFs or by autophagy in DKO MEFs.
Production of lentiviruses harboring CE or MT shRNAs. CE and MT siRNA treatment resulted in cell death, but the effect was transient and dependent on transfection efficiency, which can vary greatly in different cell lines and with transfection reagents. An inducible lentivirus-based RNAi system was recently described (40), and we used this method to create stable cell lines expressing inducible CE or MT shRNAs.
HeLa cell cultures were infected with the eight lentivirus strains containing eight shRNA sequences plus four mismatch controls and selected by cell sorting for positive transduction. shRNA expression was induced by transfecting cells with vectors expressing Cre. More than 85% of the cells transfected with pEGFP-N3/Cre in each of the eight cell lines stopped growing and appeared to die within 2 to 3 days posttransfection, while cells harboring mismatch shRNA sequences grew normally after Cre treatment. The shRNA effect in all eight lentivirus-containing cell lines was greater than that with the siRNA transfections, confirming that both CE and MT are required for mammalian cell viability (data not shown). To rule out the unlikely possibility that cell death was caused by transfection or by overexpression of Cre, cells with match or mismatch shRNA were mock transfected or transfected with vector expressing mutant inactive Cre. They showed no indication of induced cell death (data not shown).
Induction of apoptosis in lentivirus-based inducible RNAi system. To investigate if cells also die by apoptosis in this lentivirus RNAi system, TUNEL assays were performed. Two cell lines, containing inducible shCE612 and shMT1296, were either transfected with pEGFP-N3/Cre or mock transfected and were examined 36 h later. Cells expressing shCE612 or shMT1296 showed extensive TUNEL staining ( Fig. 9b and d) , while in mock-transfected cultures there were very few stained cells (Fig. 9a and c) .
Activation of caspase-3 was also assayed in the lentivirusbased RNAi-inducible cells. RNAi induction by transfection of Cre vector in cell lines expressing shCE612 or shCE1521 resulted in caspase-3 cleavage. Similar to results obtained with STS treatment (Fig. 9e, lane 1) , there was strong activation of caspase-3 (Fig. 9e, lanes 7 to 9 and 10 to 12 ). By contrast, there was no activation in cells expressing the 3-nt-mismatch siRNA shCE612m3 or shCE612 with a Cre-inactive mutant, R173K (42) (Fig. 9e, lanes 4 to 6 and lanes 2 and 3, respectively) . These results indicate specificity of the RNAi induction of apoptosis and rule out the possibility that the apoptosis ob- For MT RNAi, cells expressing shMT1086 or shMT1296 were transfected with Cre-expressing vector and assayed by Western blotting for caspase-3 cleavage. From day 1 to day 3 after induction, cells expressing shMT1086 or shMT1296 contained cleaved caspase-3 (Fig. 9f, lanes 7 to 9 and 11 to 13) , as also seen with STS treatment (lane 1). Cells harboring the 3-nt-mismatch siRNA shMT1086m3 or the match siRNA shMT1086 and treated with another active-site Cre mutant, Y324F, showed no detectable caspase-3 activation (Fig. 9f,  lanes 4 to 6 and lanes 2 and 3, respectively) . Taken together, the results demonstrate that both CE and MT are essential for mammalian cell viability. Depletion of either by two different siRNA methods resulted in caspase-3 activation and apoptosis.
DISCUSSION
We used transient transfection and stable, inducible-RNAi strategies to test if mRNA capping is essential for homeostasis and viability in mammalian cells. We found that siRNA knockdown of CE or MT in mouse and human cells resulted in decreased growth followed by induction of apoptosis, as shown by caspase-3 activation and TUNEL staining. The results demonstrated that the requirement for mRNA capping is evolutionarily conserved from lower eukaryotes, including S. cerevisiae (10, 33, 38) and C. elegans (37) , to mammals.
The tumor suppressor p53 plays a critical role in response to cellular stress and mediates either cell cycle arrest or apoptosis, depending on cell type and the nature of the stress (12) . p53 can activate transcription of many genes, including those involved in regulating apoptosis (41) , and can induce apoptosis in response to the loss of RNA or protein synthesis (3, 19) . However, in our experiments, CE or MT knockdown in p53 Ϫ/Ϫ human H1299 cells resulted in cleavage of caspase-3, indicative of apoptosis. This result indicates that cell death induced by depletion of RNA CE and MT is independent of p53.
Bcl-2 family members play important roles in regulating apoptosis (4, 45) . We tested for dependence on BAK and BAX, the two key proapoptotic factors in this family. In response to a cell death signal, BAK and BAX change conformation, oligomerize, and form pores in the outer mitochondrial membrane, leading to the efflux of cytochrome c and activation of downstream caspases, including caspase-3 (24, 35) . Decreasing levels of mRNA CE and MT induced apoptosis in BAK Ϫ/Ϫ and in BAX Ϫ/Ϫ MEFs but not in MEFs missing both proapoptotic proteins.
A direct consequence of disruption of capping would be a decrease in mRNA levels, as we demonstrated by quantitative PCR, leading to loss of protein synthesis. However, shutdown of translation by CHX treatment of BAX Ϫ/Ϫ , BAK Ϫ/Ϫ , or DKO MEFs led to caspase-3 activation and cell death only in BAX Ϫ/Ϫ cells, i.e., only in cells containing BAK. This finding resembles the BAK-dependent apoptosis induced following inhibition of protein synthesis by the bacterial toxin MazF (34) . However, apoptosis induced by siRNA depletion of CE or MT apparently was not directly due to a block in protein synthesis, since the induction of cell death was mediated through either BAK or BAX. Thus, disruption of mRNA capping can activate BAK and/or BAX and induce apoptosis before global protein synthesis shutdown, possibly as a consequence of mRNA surveillance.
Our data suggest that the elevation of Bim plays a role in activation of apoptosis in CE-depleted cells. Inhibition of mRNA capping would be expected to affect most if not all Pol II transcripts, including nuclear snRNAs (11, 43) , rather than only a small subset of mRNAs, through decreases in levels of transcripts and splicing. Changes in mRNA and protein levels upon disruption of mRNA capping depend not only on the half-lives of pre-existing mRNAs but also on protein turnover, and it is likely that loss of essential mRNAs and proteins with the least stability would lead to activation of cell death signals.
We assessed the changes in several Bcl-2 family members during apoptosis and found that Bim significantly increased during apoptosis induced by the loss of CE. The opposite effect occurred in response to apoptosis induced by CHX inhibition of protein synthesis, and the level of Bim was drastically decreased. Mcl-1 levels were not affected by the knockdown of CE but decreased in parallel with global synthesis shutdown by CHX treatment. Another Bcl-2 family member, Bik, remained little changed in both treatments. Taken together, the data demonstrate a distinct difference in the mechanisms of apoptosis induced by downregulation of CE and by CHX-mediated loss of protein synthesis. A comparison of global changes in mRNA and/or protein levels may shed light on which shorthalf-life mRNA(s) and high-turnover protein(s) contribute most to apoptosis induction.
An intriguing issue is the fate of cells unable to undergo apoptosis if CE or MT is depleted. Our results show that cells die by autophagy in response to knockdown of CE if the apoptotic pathway is unavailable, as in DKO MEFs, while protein synthesis inhibition by CHX in the same cells failed to induce autophagy. This result emphasizes the functional and evolutionary importance of mRNA capping in maintaining cellular homeostasis.
